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ENVELOPE MODULATOR FOR HAPTIC 
FEEDBACK DEVICES 

CROSS-REFERENCES TO RELATED 
APPLICATIONS 

This application claims bene?t of US. Provisional Appli 
cation No. 60/309,913 ?led Aug. 2, 2001, the disclosure of 
Which is incorporated by reference in its entirety. This 
application is a continuation-in-part of US. application Ser. 
No. 09/908,184 ?led Jul. 17, 2001. 

BACKGROUND OF THE INVENTION 

The present invention relates generally to the control of 
haptic feedback interface devices that interface a user With 
a computer device. 
Humans interface With electronic and mechanical devices 

in a variety of applications, and the need for a more natural, 
easy-to-use, and informative interface is a constant concern. 
In the context of the present invention, humans interface 
With computer devices for a variety of applications. One 
such application is interacting With computer-generated 
environments such as games, simulations, and application 
programs. Computer input devices such as mice and track 
balls are often used to control a cursor Within a graphical 
environment and provide input in these applications. In 
portable computer or electronic devices, such as laptop 
computers or personal digital assistants (PDAs), mice typi 
cally have too large a Workspace to be practical. A popular 
device for portable computers are “touchpads,” or touch 
screens, Which are small rectangular, planar pads that sense 
the location of a pointing object by any of a variety of 
sensing technologies. 

In some interface devices, haptic feedback is also pro 
vided to the user. These types of interface devices can 
provide physical sensations Which are felt by the user 
manipulating the user object of the interface device. One or 
more motors or other type of actuators are coupled to the 
device housing or manipulandum and are connected to the 
controlling computer system. The computer system controls 
forces output by the actuators in conjunction and coordina 
tion With displayed events. The computer system can thus 
convey physical force sensations to the user in conjunction 
With other supplied feedback as the user is grasping or 
contacting the interface device or manipulatable object. 

In many haptic feedback devices, the haptic feedback 
takes the form of vibrations, jolts, or pulses output on the 
housing or manipulandum and are thus experienced by the 
user, referred to as “tactile” sensations herein. For example, 
many gamepad devices include a spinning eccentric mass 
that creates inertial vibrations on the housing or object. 
Other devices, such as the I-Feel Mouse from Logitech 
Corp., provide inertial vibrations using a linearly-moving 
mass. Still other devices may vibrate a housing or object by 
impacting or directly moving the housing or object With the 
actuator. 
One problem With current haptic feedback devices is that 

tactile sensations output to the user tend to be more effective 
in particular frequency ranges and are less effective in other 
frequency ranges, thus causing haptic sensations to feel 
uneven and inconsistent to the user over broad frequency 
ranges. 

SUMMARY OF THE INVENTION 

In accordance With one aspect of the present invention, an 
amplitude modulator circuit comprises a reference oscillator 
and an envelope modulator coupled to the reference oscil 
lator for receiving a reference signal. A microcontroller is 
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2 
coupled to the envelope modulator for providing an enve 
lope signal to the envelope modulator and a loW pass ?lter 
is coupled to the envelope modulator for receiving a modu 
lated command from the envelope modulator. An inverter is 
coupled to the loW pass ?lter for receiving a loW passed 
envelope modulated signal from the loW pass ?lter and a 
transducer or ampli?er is coupled to the inverter and the loW 
pass ?lter for receiving an inverted loW passed signal and the 
loW passed envelope modulated signal. 

In accordance With another aspect of the present inven 
tion, the reference oscillator comprises a sine Wave genera 
tor. 

In accordance With a further aspect of the present inven 
tion, the envelope modulator comprises a ramp generator 
circuit. 

In accordance With yet another aspect of the present 
invention, the loW pass ?lter is a second order loW pass ?lter. 

In accordance With a further aspect of the present inven 
tion, a method of amplitude modulation of a resonant 
frequency sinusoid by a pulse Width modulated envelope 
function comprises providing an envelope Wave shape to an 
envelope modulator, providing a sinusoidal reference signal 
to the envelope modulator, providing a modulated command 
from the envelope modulator to a loW pass ?lter, providing 
a loW passed modulated command signal from the loW pass 
?lter to an inverter and a transducer or ampli?ed, and 
providing an inverted loW passed modulated command 
signal from the inverter to the transducer or ampli?er passed 
modulated command signal. 

Other features and advantages of the present invention 
Will be understood upon reading and understanding the 
description of the preferred exemplary embodiments, found 
hereinbeloW, in conjunction With reference to the draWings, 
in Which like numerals represent like elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic vieW illustrating a design topology 
of an embodiment of a circuit in accordance With the present 
invention; and 

FIG. 2 is a schematic of an example of a circuit in 
accordance With the present invention. 

DESCRIPTION OF SPECIFIC PREFERRED 
EXEMPLARY EMBODIMENTS 

The present invention is an alternative embodiment of an 
envelope modulation approach referred to in patent appli 
cation Ser. No. 09/908,184, ?led Jul. 17, 2001, Which is 
incorporated herein by reference in its entirety for all pur 
poses. That invention as Well as the one described herein, 
provides methods used to modulate a high frequency signal, 
suitable for driving a vibrotactile transducer, With a loWer 
frequency signal that contains tactile information. The com 
posite or modulated signal is used to drive an actuator that 
conveys the loWer frequency tactile information to the 
human user via electrical ampli?cation that drives a trans 
ducer, thereby mechanically conveying the tactile informa 
tion to the user. The high frequency signal oscillates at a 
frequency that is close to the resonant frequency of the 
mechanical actuator driven by the transducer, and hence the 
haptic sensations bene?t from mechanical ampli?cation 
caused by the resonant signal. In patent application Ser. No. 
09/908,184, one methodology described is to multiply a 
resonant frequency sinusoid by the modulating envelope. 
The amplitude modulated sinusoid then commands an 
ampli?er as a pulse Width modulated signal. 
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A conventional approach requires that the pulse Width 
modulated (PWM) frequency be updated at a high rate in 
order to accurately conform to a sinusoidal resonant fre 
quency Waveform. Deviations from a pure sinusoid generate 
audible noise in the actuator that detracts from the actuator 
as a tactile device. A high PWM update rate Would be 
necessary to accurately command a sinusoid that may be in 
the 100 to 200 HZ range. Such a high update rate Would 
consume signi?cant processor duty cycle and potentially 
require a more costly processor than With the invention 
described herein. 

The present invention describes amplitude modulation of 
a resonant frequency sinusoid by a pulse Width modulated 
envelope function to provide strong haptic sensations over a 
broad frequency range. 
A preferred embodiment of the present inventive 

approach is to use an electronic circuit to perform the 
envelope modulation function so that the processor only 
needs to command the envelope Wave shape, Which is a 
much loWer frequency signal that requires a loWer processor 
update rate. Use of a single electronic circuit reduces costs 
of the device, since separate components such as op amps or 
other ampli?ers are not required. 

FIG. 1 illustrates a design topology of one embodiment of 
the present invention. The inventive circuit topology 10 
includes a signal generator (“reference oscillator”) 11 that 
produces a sinusoidal reference signal With a frequency that 
is the same as (or close to) the mechanical resonant fre 
quency of the tactile actuator. If the mechanical system has 
more than one resonant frequency, one of the resonant 
frequencies is chosen at Which the oscillator Will provide the 
signal. An actuator, such as a piezoelectric actuator or other 
actuator driving an oscillating mass or manipulandum, typi 
cally has a resonant frequency at Which output forces 
(vibrations) are strongest due to the mechanical properties of 
the system. It is this resonant frequency at Which the actuator 
is preferably driven. 

The circuit topology of FIG. 1 also includes an envelope 
modulator 12 that amplitude modulates the reference signal 
output by the reference oscillator With an envelope signal 13 
from a microcontroller (processor) 14, such as a micropro 
cessor, state machines, etc. The envelope signal can include 
haptic effects or features that are desired to be output to the 
user, such as a jolt, a vibration of a desired frequency, etc. 
A loW pass ?lter 15 receives modulated command 16 output 
by the envelope modulator. The loW pass ?lter removes the 
high frequency content of the command envelope signal 
from the processor. An inverter 17 receives the loW passed 
signal from the ?lter to provide a differential output signal. 
The loW passed envelope modulated signal 18 from the loW 
pass ?lter is also sent to a transducer or ampli?er 19, such 
as a pieZo transducer or motor ampli?er. The inverted loW 
passed signal from the inverter is also sent to the transducer 
or ampli?er so that a differential drive signal is provided to 
the transducer or ampli?er. Other embodiments can produce 
a single ended signal that either drives the transducer 
directly or indirectly through an ampli?er. 

FIG. 2 illustrates an example of a more detailed embodi 
ment of the present invention. This embodiment consists of 
four circuits. The ?rst circuit is a sine Wave generator 
(reference oscillator) 20. The sine Wave generator produces 
a reference sinusoidal function With a frequency that is the 
same as (or close to) a mechanical resonant frequency of the 
actuator. This reference signal is one of the tWo signals used 
by the second circuit. The signal generator is preferably a 
free-running oscillator that is formed by a double integrating 
feedback loop. 
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4 
The second circuit is an envelope modulator 21 that 

generates a series of pulses at the processor’s PWM fre 
quency (for example, nominally 24 kHZ) With an amplitude 
that is proportional to the instantaneous voltage of the 
reference sinusoid. This circuit is preferably a ramp genera 
tor that is reset When the PWM signal is loW. When the 
PWM signal is high, the ramp generator produces a saWtooth 
output signal With an output voltage that increases linearly 
in time at a rate that is proportional to the instantaneous 
voltage of the reference sinusoid. In this Way, the circuit 
produces a series of saWtooth pulses With a Width propor 
tional to the PWM duty cycle and height proportional to the 
instantaneous voltage of the reference sinusoid. The average 
voltage of the saWtooth signal is therefore the same as a 
signal that Would be produced by directly multiplying the 
reference sinusoid by the PWM command signal. The saW 
tooth signal output Waveform from this circuit then feeds 
into the third circuit. An envelope command indicating 
envelope Wave shape is provided by microprocessor 25 at 
output 26. 
The third circuit is a second order loW pass ?lter 22 With 

a corner frequency that lies betWeen the resonant frequency 
of the actuator (or mechanical system) and the pulse Width 
modulation frequency of the command signal. The fourth 
circuit is an inverter 23 that inverts the output of the third 
circuit. The signals output from the third and fourth circuits 
constitute a differential drive signal that is modulated at the 
reference sinusoid frequency and has an amplitude that is 
proportional to the duty cycle of the commanded PWM 
signal. This differential drive signal can then drive a pieZo 
transducer directly or be ampli?ed to drive an electric motor 
(such as a DC motor) or other actuator. 
The invention frees the processor from the task of per 

forming the envelope modulation function at a suf?ciently 
high update rate to produce a clean modulated sinusoidal 
output. 
A prototype circuit demonstrated that the circuit Was able 

to drive either one or tWo pieZo transducers, and that a 
constant frequency sinusoidal Waveform Was being modu 
lated by the PWM envelope command from a TouchSense 
processor. The prototype circuit further demonstrated that 
the generated Waveform Was exciting an inertially grounded 
mass/transducer/spring system at its mechanical resonant 
frequency. The frequency of the sinusoidal driving function 
Was tuned to the resonant frequency of the mechanical 
system. The tactile sensation felt When touching the mass in 
the mechanical system conveyed the impression that it Was 
excited at the much loWer envelope function frequency 
rather than the mechanical system’s resonant frequency. 
The present invention is suitable to drive actuators to 

provide haptic sensations in a variety of haptic feedback 
computer interface devices, including mice, joysticks, track 
balls, gamepads, remote controls, PDA’s, touchpads for 
laptop computers, touchscreens for a variety of devices, 
gloves, steering Wheels, etc. Some examples of suitable 
devices and haptic sensations are described in copending 
application Ser. No. 09/917,263, ?led Jul. 26, 2001, entitled, 
“Haptic Interface for Laptop Computers and Other Portable 
Devices,” including pieZoelectric transducer embodiments, 
and Which is incorporated herein by reference in its entirety 
for all purposes. Other tactile devices and sensations used 
for inertial tactile feedback, and suitable for use With the 
present invention, are described in Us. Pat. Nos. 6,211,861 
and 6,088,019 and application Ser. Nos. 09/585,741, and 
09/487,737, all incorporated herein by reference in their 
entirety for all purposes. Other interface device embodi 
ments suitable for use With the present invention are 
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described in Ser. Nos. 09/759,780, 60/236,417, and 60/236, 
558, incorporated by reference herein in their entirety for all 
purposes. 

While this invention has been described in terms of 
preferred exemplary embodiments, there are alterations, 
modi?cations, and permutations thereof Which fall Within 
the scope of this invention. It should also be noted that the 
embodiments described above can be combined in various 
Ways in a particular implementation. Furthermore, certain 
terminology has been used for the purposes of descriptive 
clarity, and not to limit the present invention. 

What is claimed is: 
1. An apparatus, comprising: 
a reference oscillator con?gured to provide a reference 

signal having a frequency substantially similar to a 
resonant frequency of an actuator; 

a controller con?gured to provide an envelope signal, 
Wherein the envelope signal includes tactile informa 
tion; and 

an envelope modulator coupled to the reference oscillator 
and the controller, the envelope modulator con?gured 
to modulate the reference signal With the envelope 
signal to produce a modulated command signal, the 
envelope modulator being con?gured to provide an 
output signal, the output signal con?gured to drive the 
actuator to output a haptic effect based on the modu 
lated command signal. 

2. The apparatus of claim 1, further comprising: 
a ?lter coupled to the envelope modulator, the ?lter 

con?gured to produce a ?ltered modulated command 
signal based on the modulated command signal, the 
output signal being based on the ?ltered modulated 
command signal. 

3. The apparatus of claim 1, further comprising: 
a loW-pass ?lter coupled to the envelope modulator, the 

loW-pass ?lter con?gured to produce a loW-pass ?ltered 
modulated command signal based on the modulated 
command signal, the output signal being based on the 
loW-pass ?ltered modulated command signal. 

4. The apparatus of claim 1, further comprising: 
a second-order loW-pass ?lter coupled to the envelope 

modulator, the second-order loW-pass ?lter con?gured 
to produce a second-order loW-pass ?ltered modulated 
command signal based on the modulated command 
signal, the output signal being based on the second 
order loW-pass ?ltered modulated command signal. 

5. The apparatus of claim 1, further comprising: 
a ?lter coupled to the envelope modulator, the ?lter 

con?gured to produce a ?ltered modulated command 
signal based on the modulated command signal; and 

an inverter coupled to the ?lter, the inverter con?gured to 
produce an inverted ?ltered modulated command sig 
nal based on the ?ltered modulated command signal, 
the output signal being based on the inverted ?ltered 
modulated command signal. 

6. The apparatus of claim 1, further comprising: 
a ?lter coupled to the envelope modulator, the ?lter 

con?gured to produce a ?ltered modulated command 
signal based on the modulated command signal; and 

an inverter coupled to the ?lter, the inverter con?gured to 
produce an inverted ?ltered modulated command sig 
nal and a differential output signal based on the ?ltered 
modulated command signal, the output signal being 
based on the differential output signal. 
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7. The apparatus of claim 1, further comprising: 
a ?lter coupled to the envelope modulator, the ?lter 

con?gured to produce a ?ltered modulated command 
signal based on the modulated command signal; and 

an ampli?er coupled to the ?lter, the ampli?er con?gured 
to produce an ampli?ed ?ltered modulated command 
signal based on the ?ltered modulated command signal, 
the output signal being based on the ampli?ed ?ltered 
modulated command signal. 

8. The apparatus of claim 1, further comprising: 
a ?lter coupled to the envelope modulator, the ?lter 

con?gured to produce a ?ltered modulated command 
signal based on the modulated command signal, 

the actuator being a transducer, the transducer being 
coupled to the ?lter and con?gured to provide a physi 
cal response based on the ?ltered modulated command 
signal. 

9. The apparatus of claim 1, Wherein the reference oscil 
lator includes a sine Wave generator. 

10. The apparatus of claim 1, Wherein the envelope 
modulator includes a ramp generator. 

11. A method, comprising: 
generating a reference signal having a frequency substan 

tially similar to a resonant frequency of an actuator; 
generating an envelope signal from a microcontroller, 

Wherein generating an envelope signal further includes 
providing tactile information; 

modulating the reference signal With the envelope signal 
to produce a modulated command signal; and 

providing an output signal based on the modulated com 
mand signal; and 

driving the actuator With the output signal to output a 
haptic effect. 

12. The method of claim 11, further comprising: 
?ltering the modulated command signal to produce a 

?ltered modulated command signal, the output signal 
being based on the ?ltered modulated command signal. 

13. The method of claim 11, further comprising: 
loW-pass ?ltering the modulated command signal to pro 

duce a loW-pass ?ltered modulated command signal, 
the output signal being based on the loW-pass ?ltered 
modulated command signal. 

14. The method of claim 11, further comprising: 
inverting the modulated command signal to produce an 

inverted modulated command signal, the output signal 
being based on the inverted modulated command sig 
nal. 

15. The method of claim 11, further comprising: 
?ltering the modulated command signal to produce a 

?ltered modulated command signal; and 
inverting the ?ltered command signal to produce an 

inverted ?ltered modulated command signal, the output 
signal being based on the inverted ?ltered modulated 
command signal. 

16. The method of claim 11, further comprising: 
?ltering the modulated command signal to produce a 

?ltered modulated command signal; and 
inverting the ?ltered modulated command signal to pro 

duce a differential output signal, the output signal being 
based on the differential output signal. 

17. The method of claim 11, further comprising: 
?ltering the modulated command signal to produce a 

?ltered modulated command signal; and 
amplifying the ?ltered modulated command signal to 

produce an ampli?ed ?ltered modulated command sig 
nal, the output signal being based on the ampli?ed 
?ltered modulated command signal. 
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18. An apparatus, comprising: 
a reference oscillator capable of generating a reference 

signal having a frequency substantially similar to a 
resonant frequency of an haptic actuator; 

a microcontroller con?gured to generate an envelope 
signal, Which includes tactile information; 

an envelope modulator coupled to the reference oscillator 
and the microcontroller, Wherein the envelope modu 
lator is con?gured to generate a modulated command 
signal in response to the reference signal and the 
envelope signal; 
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a loW-pass ?lter coupled to the envelope modulator; and 
an inverter coupled to the loW-pass ?lter and con?gured 

to drive the haptic actuator in response to the modu 
lated command signal. 

19. The apparatus of claim 18, further comprising: 
an ampli?er coupled to the inverter and the haptic actua 

tor. 

20. The apparatus of claim 18, Wherein the haptic actuator 
is a transducer. 


